High average power free-electron lasers (FELs) require high average current electron injectors capable of generating high quality, short duration electron bunches with a repetition rate equal to the frequency of the rf linac. In this paper we propose, analyze, and simulate an rf-gated, gridded thermionic electron gun for use in high average power FELs. Thermionic cathodes can provide the necessary high current, have long lifetimes, and require modest vacuums. In the proposed configuration the rf-gated grid is modulated at the fundamental and 3rd harmonic of the linac frequency. The addition of the 3rd harmonic on the grid results in shorter electron bunches. In this configuration, every rf bucket of the linac accelerating field contains an electron bunch. Particle-in-cell simulations indicate that this approach can provide the necessary charge per bunch, bunch duration, longitudinal and transverse emittance, and repetition rate for high average power FELs operating in the IR regime.
I. INTRODUCTION
High average power free-electron lasers (FELs) [1] [2] [3] [4] [5] [6] [7] [8] [9] require a train of short duration, high repetition rate, and high peak current electron bunches having high quality and high average current [1] . These requirements place stringent constraints on the electron gun [2] [3] [4] . Figure 1 shows a schematic of an FEL injector for high average power operation. For IR FELs the typical electron beam parameters associated with the various stages in the injector are indicated. The injector should produce an electron pulse train with short ($ 10 psec rms) bunches at a repetition frequency of $700 MHz, with energies of $5-8 MeV, charge per bunch of $1 nC, normalized transverse emittance of " n;? < 15 mm mrad, and a bunch radius of R b $ 0:3 mm. Before entering the FEL wiggler the electron bunches are accelerated in an energy recovery linac (ERL) to $80 MeV with a total fractional longitudinal energy spread ÁE total =E < 0:5%, peak bunch current I b $ 400 A, and an average current of $1 A, while preserving the beam emittance and radius. Assuming a Gaussian longitudinal charge profile, the charge per bunch entering the wiggler is qN b % ffiffiffiffiffiffi ffi 2 p I b b $ 1 nC, where b $ 1 psec is the rms bunch duration (rms duration is related to the FWHM by b ¼ FWHM =2: 35) . The beam quality requirements for high-power IR FEL operation are discussed in more detail in Appendix A. In addition, while high average power FELs require high wall-plug efficiencies, the injector efficiency does not play a significant role in determining the overall wall-plug efficiency [9] .
Photocathode guns are capable of generating short, highquality, and high-charge electron bunches and are employed in the majority of FELs [1] [2] [3] [4] [10] [11] [12] [13] . However, thermal issues, short lifetimes, and drive-laser averagepower requirements currently present limitations when operated at high average powers.
Thermionic guns (Appendix B) have demonstrated long lifetime operation and high average currents. Several FELs have used thermionic guns such as the Boeing [14] , Stanford University [15, 16] , Novosibirsk [17] , SPring-8 [18, 19] , and FELIX [20] FELs. These guns cannot be used for high average power IR FELs because of their low repetition rate. The first three examples were gridded guns, whose microbunch repetition rates were limited because the grids were not directly driven with rf. The SPring-8 FEL used a beam chopper to extract a single electron bunch from a nongridded electron gun driven by a high voltage pulse from a conventional modulator. The FELIX FEL operated for nearly 20 years with a gridded thermionic gun directly driven by a 1 GHz rf source with a DC bias, but without the use of harmonics. Here, we propose a new, harmonically gated injector configuration based on a thermionic gun that can satisfy the requirements for a high average power IR FEL. This paper proposes the use of rf-gated, harmonically driven, gridded thermionic electron guns for high average power IR FELs. In the proposed configuration, the rf-gated grid is modulated at the fundamental and 3rd harmonic of the rf linac frequency, e.g., $700 MHz and $2:1 GHz. Simulations indicate that the required electron beam quality, pulse duration, and average current for high average power FEL operation can be achieved with this configuration. In addition, the heat radiated by the thermionic gun in the proposed design is relatively small, and hence we believe it can be used with either normal-conducting or superconducting prebooster rf cavities [3, 4, 10] .
In Sec. II we discuss the characteristics of the rf-gated, gridded thermionic gun and the use of rf harmonics to generate short electron bunches. Section II also contains an analysis and estimates of the bunch emittance due to the grid. Section III presents the results of particle-in-cell (PIC) simulations of thermionic injector operation using the TURBOWAVE [21] and PARMELA [22] codes. Section IV summarizes our theoretical and numerical results. A fully functioning prototype may require that the bunch emittance be lowered by reshaping the cathode and anode. Appendices A, B, and C present additional details of the thermionic gun. Figure 2 shows a schematic of the rf-gated, gridded thermionic cathode configuration. The grid consists of an array of concentric wires, close to the cathode, that is modulated by rf fields. The grid has a negative dc bias with respect to the cathode, in addition to the rf fields at the fundamental and 3rd harmonic of the linac frequency. Since the grid is modulated at the fundamental linac frequency, every accelerating rf bucket is filled. The addition of the 3rd harmonic provides shorter electron bunches. The typical parameters of the gun are shown in Table I . The key characteristics of the gun are discussed below.
II. RF-GATED, GRIDDED THERMIONIC GUN

A. Thermionic cathode
Thermionic cathodes can provide the necessary high average current for high average power FELs [14] [15] [16] [17] [18] [19] 23, 24] . They operate at moderate vacuums of 10 À8 -10 À7 Torr [25] and can have long lifetimes (> 10 000 hours) delivering over 10 8 coulombs [23] . As an example, for a cathode current density of J ¼ 10 A=cm 2 , the charge per bunch is qN b ¼ 2:35R 2 b J b % 1 nC for a bunch radius R b ¼ 0:5 cm and rms bunch duration b ¼ 54 psec. These parameters are readily achieved with conventional thermionic cathodes. One candidate for this application is a dispenser cathode which can generate current densities of $10 A=cm 2 , while more advanced cathodes (with controlled porosity) can generate up to $100 A=cm 2 . Single-crystal cathodes such as lanthanum hexaboride and cerium hexaboride are robust and can generate up to $100 A=cm 2 , but require high temperature [18, 19] . Dispenser cathodes employing scandate oxides have low work functions ($ 1:5 eV), high current densities (> 100 A=cm 2 ), and long lifetimes (> 1000 hr), but may have poor reproducibility and nonuniform emission [23] . FIG. 2 . Schematic diagram of rf-gated thermionic gun for high average current FEL operation. The rf-gated, gridded thermionic gun consists of a dispenser or single-crystal CeB 6 cathode and pyrolytic graphite grid. The grid consists of a series of concentric rings and is biased negatively and driven positive by the rf relative to the cathode. Typical grid dimensions are indicated in the figure in mm. The potential on the grid is modulated at the fundamental ($ 700 MHz) and 3rd harmonic (2.1 GHz) of the linac frequency to produce short ($ 40 psec rms), high-charge ($ 1 nC) electron bunches. The rf field of the fundamental loads every bucket in the linac with an electron bunch. The electron energy exiting the prebooster is $2 MeV. The grid voltage is negative and typically in the range of 100-300 V. The current-voltage characteristics of thermionic cathodes are determined by the material, temperature as well as the external and space-charge fields. In the steadystate, 1D limit, the space-charge limited current density is given by the Child-Langmuir (CL) relationship [23, [26] [27] [28] , J CL ½A=cm 2 ¼ 2:33 Â 10 À6 È 3=2 ½V=d 2 ½cm, where È ! 0 is the voltage difference between the two conducting planes and d is the separation.
In the temperature-limited regime, i.e., the RichardsonDushman-Schottky (RDS) limit, the current density is given by [29, 30] The Child-Langmuir and the Richardson-DushmanSchottky regimes are plotted in Fig. 3 for d ¼ 250 m, È WF ¼ 1:9 eV, T c ¼ 1300 K, and A o ¼ 120 A=ðcm 2 K 2 Þ. The optimum operating regime for the rf-gated gun is near the intersection of the space-charge and thermal limits where the current density is not sensitive to fluctuations in the cathode temperature as shown in Fig. 3 .
There is a third emission regime in which a high surface electric field E S $ 10 7 -10 8 V=cm is employed to extract electrons by tunneling. This field emission regime is particularly effective when the cathode consists of sharp tips. In this regime the current density is given by the Fowler-Nordheim (FN) relation [23, 31] 
WF , and E S is in units of V=cm. Field emitting cathodes are also being considered for high average current guns for FELs [32] .
B. rf-gated grid
The actual grid configuration consists of a series of concentric rings and radial spokes located close to the cathode surface as shown in Fig. 2 . However, for the purpose of the following analysis, the rings are modeled by an array of parallel wires as shown in Fig. 4 and the rf modulation is treated electrostatically.
The potential on the grid wires is È G , the potential difference between the cathode and anode is È A . The grid wires are parallel to the y axis, separated by a distance 2a and located at z ¼ z G . The radius of the grid wires is taken to be small, r o ( a; z G . The potential in the cathodegrid-anode region is given by (Appendix C)
where is over the grid wires. The first term in the sum represents the potential due to the grid wires and their images from the cathode. The second term is a contribution induced by the electric field between the anode and cathode and is localized to the region around the wires. The last term in Eq. (1) represents the cathode-anode gap potential. The potential satisfies the appropriate boundary conditions on the cathode, grid, and anode surfaces. The grid potential is the sum of a constant (dc) and a time varying (rf) contribution, i.e., È G ðtÞ ¼ È DC þ È rf ðtÞ. The rf grid potential is given by È rf ðtÞ ¼ È 1 cosð! rf t þ ' 1 Þ þ È 3 cosð3! rf t þ ' 3 Þ, where ! rf is the fundamental linac frequency, È ' is the amplitude of the 'th harmonic, ' ' is a constant phase, and ' ¼ 1 or 3. For parameters of interest the electrostatic approximation is valid, in the absence of beam loading effects, since the electron transit time transit $ z G =v z $ 30 psec between the cathode and grid is small compared to the rf period, rf ¼ 2=! rf $ 1:4 nsec. Figure 5 illustrates the grid potential modulation that can be achieved using dc bias, fundamental, and 3rd harmonic. The figure schematically indicates the generation of short electron bunches of $100 psec (rms) duration can be obtained at a repetition rate of 700 MHz. Shorter bunches can be achieved by the addition of higher harmonics, e.g., 5th harmonic at 3.5 GHz.
Electron emission takes place when the axial electric field on the cathode surface is negative. The axial field on the cathode (in the absence of space-charge), from Eq. (C5) in Appendix C, is
where 0 < ðxÞ < 1 is a shielding parameter defined in Eq. (C6). The shielding parameter represents the reduction of the anode field due to the presence of the grid wires. The shielding of the electric field on the cathode is minimum between the wires and maximum beneath the wires. Typically for our parameters, 0:7 < ðxÞ < 0:9. The shielding parameter controls electron emission and current density from the cathode. Figure 6 shows a plot of ðxÞ and the axial electric field E z ðx; z ¼ 0Þ on the cathode, extending over a region covering three grid wires for t ¼ =! rf . It should be noted that a small variation in ðxÞ is sufficient to cause a relatively large change in E z and electron flux across the surface.
C. Transverse bunch emittance
There are several sources that contribute to the emittance of the electron bunch [26, 27, 33] . For a cathode radius of R c ¼ 1 cm, the contribution to the normalized emittance from the finite cathode temperature is " n;T ¼ ð1=2ÞR c ðk B T c =mc 2 Þ 1=2 % 2 mm mrad, where T c ¼ 1300 K is the cathode temperature. The emittance contribution due to a magnetic field on the cathode is " n;B ¼ qB o R The emittance due to a single grid wire, as shown in Fig. 7 , in the absence of self-fields, is given by (Appendix C)
where R b % R c is the beam radius, h x i is the averaged normalized electron velocity, 1 ðaÞ is the shielding parameter due to one wire (Appendix C), "
Using typical values for the gun parameters, the normalized emittance due to the grid is " n;grid ½mm mrad $ 5-10R b ½cm. This range of emittances is consistent with PIC simulation results that are presented in the next section.
The nonrandom, macroscopic contributions to the beam emittance, e.g., due to focusing/accelerating fields and space-charge fields, can be reduced through the use of emittance compensating coils or optimizing the anode geometry. The microscopic and random contributions to emittance, e.g., cathode temperature, cathode surface roughness, grid fields, or slice emittance, cannot be reduced using emittance compensating coils. From PARMELA simulations, it is known that the dominant contribution to the transverse emittance is the nonlaminar flow induced by the cathode/anode geometry, and the grid fields. Additional work is under way to understand the various contributions to the emittance and to reduce emittance growth due to space-charge and macroscopic nonlinear effects by changing the gun geometry and the use of emittance compensation coils [34] .
III. PIC SIMULATIONS
Accurate numerical simulation of the injector requires the modeling of complicated geometries and numerous physical processes, not all of which are contained in any single code. For example, TURBOWAVE [21] can model fully electromagnetic particle fields and image charges induced on the cathode, anode, and grid wires, but is difficult to use with the complicated geometry of a realistic cathode-grid design. PARMELA [22] on the other hand, can handle more complicated geometries, but does not calculate image fields correctly, i.e., the image fields due to the grid and anode are neglected. In this section, we present a number of simulations using both TURBOWAVE and PARMELA to illustrate the basic operation of a thermionic injector for a high-power FEL. The injector geometry is based on an inductive output tube (IOT) gun design [35] and the basic parameters used in the PARMELA simulations are listed in Table II . Because of the different geometries used in the TURBOWAVE (2D axisymmetric, planar cathode and grid) and PARMELA simulations (2D axisymmetric, curved cathode and grid), the parameters used differ between the two codes. The PARMELA injector simulation that uses a filled cathode (see Fig. 19 ) produces electron bunches with characteristics required for high-power FEL operation, as specified in Fig. 1 . However, this simulation should serve only as a basic illustration of high-power injector operation and not an actual injector design. An injector design would require further optimization of the cathode, grid, and anode geometry.
A. TURBOWAVE
TURBOWAVE is a 2D or 3D, fully relativistic PIC code that models a variety of physical processes. Here we describe two-dimensional slab and axially symmetric electrostatic simulations of the gun. In these simulations the cathode and anode are held at fixed potentials, while the grid consists of parallel wires or concentric rings whose potential is a prescribed function of time. The potential at all other locations within the gun region is computed via successive over-relaxation, and includes space-charge effects. 
The gun geometry is shown in Fig. 19 . Bunch diagnostics are provided at the gun exit at z ¼ 5:0.
Cathode-grid gap
In this simulation an infinite array of parallel wires using a 2D slab geometry was employed. The grid potential is È G ðtÞ ¼ À360 À 38 cosð! rf tÞ þ 36 cosð2! rf tÞ À 33 cosð3! rf tÞ in units of volts and the fundamental frequency is f rf ¼ ! rf =2 ¼ 700 MHz. The cathodeanode gap is z A ¼ 1 cm and the cathode-anode potential is 50 kV. The grid wire radius is r o ¼ 30 m. A constant electron density is maintained on the cathode and the electrons are emitted and propagated by the external and space-charge fields. The time-integrated current density is shown in Fig. 8 along with potential contours at the peak of emission. Only three spatial periods of the infinite grid structure are shown in the figure. The particles are primarily emitted between the wires so that the grid current (grid heating) is very low. This is due to the shielding effect of the grid wires on the electric field, as discussed in Appendix C. The shielding parameter for the parameters of Fig. 8 is ¼ 0:8 between the wires and ¼ 0:87 beneath the wires.
As another example, TURBOWAVE is used in cylindrical geometry to simulate the ring grid configuration shown in Fig. 9 . The configuration of the gun shown in Fig. 9 includes focusing electrodes, at 45 degrees, which are found to reduce the emittance. The current pulses produced at the grid plane and the anode plane are shown in Fig. 10 , along with the time varying potential of the grid wires. In this example, 60 psec (rms) bunches having a charge of 0.7 nC are generated. The average current is hI b i ¼ 0:5 A. Figure 11 shows the slice emittance, which at the peak of the current pulse is $5 mm mrad. The projected transverse phase space, shown in Fig. 12 , corresponds to a projected emittance of " n;? ¼ 8:9 mm mrad. This is also shown as the horizontal dashed line in Fig. 11 . The longitudinal phase space shown in Fig. 13 is characterized by a longitudinal emittance of " z ¼ 20 keV psec.
TURBOWAVE has also been used to determine the effect of beam loading in the cathode-grid region. A simple estimate indicates that beam loading is not important for the parameters under consideration. The rf fill time, i.e., the time it takes to fill the cathode-grid region with rf energy, is F % R c =c $ 30 psec, which is short compared to the rf period, rf % 1:4 nsec. In addition, for the parameters being considered the ratio of the kinetic energy of the electron bunch crossing the grid plane to the rf energy in the cathode-grid region is W b =W rf < 1, where
c =ðz G r e ÞðqÈ G =mc 2 ÞqÈ G , and r e ¼ q 2 =mc 2 . Since W b =W rf < 1 and the electron bunch duration at the grid plane b $ 100 psec is greater than F , the rf energy in the cathode-grid region is not significantly depleted by the electron bunch. Simulations using FIG. 11 . Simulated current and emittance at the anode for the geometry shown in Fig. 9 . The red curve shows the current and the blue curve shows the slice emittance. The slice emittance at the peak of the current pulse is " n;? $ 5 mm mrad. The projected emittance " n;? ¼ 8:9 mm mrad is shown by the dashed horizontal line.
FIG. 12.
Projected transverse phase space for the gun geometry of Fig. 9 . The ordinate is the x component of the momentum normalized to mc and the abscissa is the x coordinate. The projected normalized emittance is " n;? ¼ 8:9 mm mrad. FIG. 14. Geometry of a thermionic IOT gun used for the PARMELA simulations of Fig. 17 . The cathode-grid gap is 0.25 mm. Fields driven at the fundamental (700 MHz) and third harmonic are injected into the cathode-grid region, and the grid has a bias of À450 V. The rf fields were computed using SUPERFISH, while the dc fields were computed using POISSON. Field lines of the fundamental (700 MHz) field are shown. The time-dependent potential at the location of the grid peaks at 160 V. The three-dimensional geometry is symmetric about an axis along the center of the figure.
TURBOWAVE are consistent with the above arguments that beam loading for the parameters under consideration is not significant.
B. PARMELA
IOT guns have a number of characteristics necessary for use as injectors for high-power FELs, e.g., high average currents, short bunch lengths, long lifetimes, robustness, etc. However, because the applications for which IOT guns were designed did not require low emittance, the transverse bunch emittance is typically too large for use as a high average power FEL injector. In this subsection, we use the PARMELA code to simulate the complicated geometry and field structures of two typical IOT gun designs and characterize the emitted electron bunches. We show that, through the use of fundamental and third harmonic rf frequencies, the bunch length is sufficiently short and the average current sufficiently high for use as a high-power FEL injector. While the resulting emittance is large (15-25 mm mrad), it should be possible to modify the present gun design to lower the emittance, for example, by improving the anode and cathode geometry. 16 . Electric field at the cathode used for PARMELA simulations. The total electric field across the cathode surface is plotted versus radial distance from the symmetry axis. At a given point on the cathode, the field takes the form E z ¼ E z;DC þ E z;1 sinð! rf tÞ þ E z;3 sinð3! rf tÞ, where E z;DC % 11 kV=cm, E z;1 % À9:4 kV=cm, and E z;3 % 9 kV=cm. The field is illustrated for t ¼ =2! rf at the peak of emission. Emission occurs only at those radii within the indicated region. The first geometry used for PARMELA [22] simulations is shown in Figs. 14 and 15 . To preserve the azimuthal symmetry of the simulation, the grid (Fig. 15 ) is modeled as a series of thin, concentric rings separated by a distance of 0.4 mm. For the purpose of computing the rf field, this grid is attached to a curved backing plate that confines the rf field within the grid-cathode region. In an actual gun, this backing plate is replaced by a number of radial spokes that serve to contain the rf field. In the simulations, the backing plate is transparent to electrons. A shadow grid is used to prevent electron emission directly under the wires. For the present parameters the use of a shadow grid reduces the emittance by $10%.
The grid is biased to À450 V dc relative to the cathode, and an rf field at the frequency of the fundamental (700 MHz) and the third harmonic is injected radially into the cathode-grid gap. The fundamental rf field has an amplitude of 9:4 kV=cm, while the anode is maintained at a potential of 35 kV. The temporal profile of the total rf field is illustrated schematically in Fig. 5 . The total longitudinal field at the cathode surface is illustrated in Fig. 16 .
To simulate emission at the cathode, a long, low-velocity (0.1 eV) bunch is initialized behind the cathode surface to serve as a reservoir of charge. The bunch is spatially uniform over the cross section 0:4 cm < r < 0:9 cm, and no particles are contained in those radii corresponding to the locations of the shadow grid wires. As a particle in this bunch crosses the cathode surface, it is emitted only if it lies within the range of rf phase indicated in Fig. 5, and emission occurs over the cathode region indicated in Fig. 16 . Particles that are turned around at the cathode surface are absorbed, and do not contribute to the computation. The emitted electrons are propagated in the external and space-charge fields, and image charges at the cathode surface are included. Figure 17 is a series of plots showing the evolution of the electron bunch as it starts from the cathode and travels a distance of 5 cm to the end of the gun. In this example, 46 psec (rms) bunches having a charge of 1 nC are generated. The average current is hI b i ¼ 0:7 A. The transverse phase space at the exit of the gun, as shown in Fig. 18(a) , corresponds to a projected emittance of " n;? ¼ 25 mm mrad, while the slice emittance is $23 mm mrad. The longitudinal phase space is shown in Fig. 18(b) , and is characterized by a longitudinal emittance of " z ¼ 17 keV psec.
The transverse emittance can be reduced by modifying the cathode-anode geometry. As an example, the hole in the cathode was closed to produce the gun geometry illustrated in Fig. 19 . The grid is again modeled as illustrated in Fig. 15 using the parameters shown in Table II . The field profile at the cathode is the same as that illustrated in Fig. 16 , except that the emission region extends to r ¼ 0. Figure 20 is a series of plots showing the evolution of the electron bunch as it starts from the cathode and travels a distance of 5 cm to the end of the gun. In this example, 45 psec (rms) bunches having a charge of 1.0 nC are generated. The average current is hI b i ¼ 0:7 A. The transverse phase space at the exit of the gun, as shown in Fig. 21(a) , corresponds to a projected emittance of " x;n ¼ 16 mm mrad, while the slice emittance is $14 mm mrad. The longitudinal phase space is shown in Fig. 21(b) , and is characterized by a longitudinal emittance of " z ¼ 7 keV psec. Note that the transverse emittance has been reduced by 40%, while the pulse length and average current are essentially unchanged.
These simulations illustrate that it is possible to obtain from a conventional IOT gun the high average currents and short bunch lengths necessary for use as an injector for a high-power FEL. Through improved cathode-anode geometry, it is possible that a similar design may produce smaller transverse emittances with " x;n < 15 mm mrad.
IV. CONCLUSION
In this paper we have proposed, analyzed, and simulated an rf-gated, gridded thermionic gun for high average power IR FELs. Simulations using TURBOWAVE and PARMELA indicate that the necessary electron beam parameters for the FEL, i.e., charge per bunch, average current, quality, and pulse format, can be achieved. The beam emittance induced by the grid is within acceptable limits for operation in the IR regime. Additional work is under way to understand the various contributions to the emittance and to reduce emittance growth due to space-charge and macroscopic nonlinear effects by changing the gun geometry and the use of emittance compensation coils [34] .
The required high average current can be obtained with dispenser or single-crystal thermionic cathodes, which are robust and have long lifetimes. Thermionic cathodes can provide the necessary high average current, charge per bunch, and pulse format for high average power FELs. They operate at moderate vacuums (10 À8 -10 À7 Torr), have long lifetimes (> 10 000 hours) delivering over 10 8 coulombs and can provide cathode current densities >10 A=cm 2 . The pulse duration requirements can be met by modulating the grid with a combination of the fundamental and 3rd harmonic of the linac frequency, filling every rf bucket in the linac. The heat radiated by the thermionic gun in the proposed designed is relatively small and, hence, it can be configured with either normalconducting or superconducting prebooster cavities. An experimental program is under way at the Naval Research Laboratory to demonstrate this high average current electron gun configuration.
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APPENDIX A: ELECTRON BEAM QUALITY REQUIREMENTS FOR FELS
The approximate beam quality requirements at the entrance to the wiggler for high-power IR FEL operation are discussed in this Appendix. In the FEL, the gain, growth rate, and efficiency are sensitively dependent on the axial velocity spread Á z of the electrons. The electron beam quality is measured in terms of emittance and energy spread, the origins of which include (i) temperature of the cathode, (ii) roughness of the emitting surface, (iii) nonuniformity of the emission from the cathode surface, (iv) nonlinearity of electric and magnetic fields, and (v) self-fields. The electron bunch quality requirement for the FEL, i.e., Á z < =2L eff , at the entrance to the wiggler can be expressed by the following inequality [36] :
where the total longitudinal energy spread is
In Eq. (A2), the first term represents the fractional energy spread due to longitudinal emittance " z , the second term arises from transverse rms emittance " n;? , and the third term is due to transverse wiggler gradients. The right-hand side of Eq. (A1) is the approximate FEL conversion efficiency, where the effective interaction length, L eff , is the gain length in the case of the amplifier or the wiggler length in the case of the oscillator, a w is the wiggler parameter, and w is the wiggler period. If the inequality in Eq. (A1) is well satisfied, the spread in the axial velocity of the electrons plays little role in the FEL interaction. As an example, for a MW-class FEL operating in the IR regime, the typical parameters are " n;? % 15 mm mrad, " z % 100 keV psec, R b % 0:3 mm, b % 1 psec (rms), E ¼ 80 MeV, a 2 w ¼ 2, and w ¼ 3 cm. For these parameters " z =ð b EÞ 0:13%, " 2 n;? = ð2R 2 b Þ % 0:13%, 2 a 2 w R 2 b =ð2 2 w Þ % 0:1%, and ÁE total = E % 0:36%. For an amplifier having a gain length of 30 cm the right-hand side of Eq. (A1) is % 5% and the inequality is satisfied. For an oscillator the right-hand side of Eq. (A1) is $1=2N w , where N w is the number of wiggler periods. For N w ¼ 100 the inequality is also satisfied.
APPENDIX B: THERMIONIC INJECTORS
The gridded electron guns used as injectors for rf linacs in several notable FEL experiments, including the Stanford, Boeing, and Novosibirsk FEL injectors, have operated at subharmonics of the main linac frequency, and have used short high voltage pulses synchronized to the phase of the rf to gate the emission and generate electron bunches suitable for injection into the subharmonic cavities. The original Stanford FEL gun [16] was the first to use this approach, producing $200 pC, $1:3 nsec electron bunches at 11.8 MHz at the entrance of the normally conducting injector section of a 1.3 GHz superconducting linac.
The Boeing FEL gun [14] produced 5.5 nC electron bunches at $108 MHz, the 12th subharmonic of their 1300 MHz linac, using a $1 kV, 2 nsec drive pulse to the grid of an Eimac electron gun. Operating at the 12th subharmonic accomplished two critical goals. First, it permitted the use of a relatively long high voltage pulse to drive the grid of the electron gun; operating the first rf cavity at 1.3 GHz while filling the same fraction of an rf period would have required the generation of a 170 psec drive pulse as well as an rf gun capable of modulating the current on that time scale. Second, it allowed the use of subharmonic bunching to increase the peak current to the level required for the FEL.
However, the problem with subharmonic bunching is that, while increasing peak current, it ultimately limits the average current, since it limits the fraction of rf buckets that are filled with electrons, while the charge in each bucket is limited by space-charge effects. Using a similar approach, the nonsuperconducting Energy Recovery Linac FEL in Novosibirsk [17] used a 300 keV electron gun with $1 A of peak current in a 0.5 nsec rms pulse at a maximum repetition rate of 22.5 MHz (eighth subharmonic of the $180 MHz linac). In this case, the maximum average current was $20 mA.
The SPring-8 FEL adopted an innovative approach to producing a high brightness, bunched beam from a thermionic cathode without using a control grid [18, 19] . The experiment employs a single-crystal CeB 6 cathode to produce a high current density 500 keV beam from an electron gun driven by a high-voltage modulator. At the exit to the gun, a beam with a 1 A peak current and 3 sec pulse width at a maximum repetition rate of 60 Hz was generated. A single nanosecond bunch is then generated from each pulse by means of a beam chopper. Thus, more than 99.9% of the beam is deposited in a beam dump. This gridless approach thus solves the problem of producing a clean, low-emittance electron bunch, but at the cost of depositing most of the beam current in a beam dump, an approach that is inconsistent with high average current applications.
A high average current injector should aim to fill every rf bucket. For a 700 MHz linac with no subharmonic section, a thermionic injector must generate electron bunches of order 100 psec in pulse length at a 700 MHz pulse repetition rate. Moreover, in order to produce an average current of $1 A, the instantaneous current should be about an order of magnitude higher. For such short bunches and high repetition rate, it is not practical to generate short high-voltage pulses to apply to the grid of an electron gun, and direct rf modulation of the grid is required.
Gridded electron guns are used in inductive output tube (IOT) amplifiers [37] [38] [39] and can generate average currents of $1 A, peak currents of $5-10 A, cathode-anode voltages of $35 kV, and modulation frequencies >1 GHz. These guns use low-temperature dispenser cathodes combined with grids fabricated from pyrolytic graphite, a polycrystalline form of carbon that will operate at high temperatures and has improved strength and uniformity compared to grids made of tungsten or molybdenum [37] . The grid is typically placed within $100-300 m of the cathode to permit high-frequency current modulation. In typical operation, these guns are employed to produce electron bunches filling 180 of rf phase in order to generate the maximum rf power at the drive frequency. However, the degree of beam modulation is not constrained to be 180 of the rf phase; it depends on the negative bias voltage between the grid and the cathode (typically of order 100-200 V) as well as the rf voltage induced in the cathode-grid gap. Shorter bunches can in principle be obtained by driving the grid circuit simultaneously at the fundamental rf frequency and a higher harmonic.
APPENDIX C: GRID FIELDS AND BEAM EMITTANCE
For the purpose of estimating the electron beam emittance due to a grid, we consider the 2D cathode, grid, anode configuration shown in Fig. 4 . The grid wires form an infinite array located at z ¼ z G , are parallel to the y axis and are separated by a distance 2a. The radius of the grid wires is small, r o ( a; z G . The grounded cathode is located at z ¼ 0 and the anode at z ¼ z A . The potential on the grid relative to the cathode is denoted by È G ðtÞ and consists of a dc bias and rf component while the anode potential is È A ðtÞ. In addition, the field in the anodecathode gap induces a dipole field around each grid wire. The dipole field is localized around the grid wire and has little effect on the electron motion. Although the grid voltage varies at the rf frequency, it can be considered to be constant for the purpose of this calculation since the electron transit time from the cathode to the grid, G ¼ z G =v z $ 0:1 nsec, is small compared to the rf period, rf $ 1:4 nsec.
Potential for an array of grid wires
The potential associated with a single grid wire located at x ¼ 0 and z ¼ z G is
where È O ¼ ð1=2Þ½È G ðtÞ À È A ðtÞðz G =z A Þ= lnð2z G =r o Þ. In Eq. (C1) the first term is the potential of a line charge together with its image due to the cathode, the second term is due to the anode potential and the third term is due to the induced dipole charges on the wire. For r o ( a; z G the potential on the cathode is zero, on the surface of the grid wire it is È G ðtÞ and on the anode it is È A ðtÞ. For the typical parameters considered here jÈ G j % 100 V, È A % 40 kV, z G % 250 m, z A % 1 cm, a % 200 m, r o % 30 m, and lnð2z G =r o Þ $ 3. The fields associated with the single grid wire potential, E ¼ ÀrÈ, are
where " È G ¼ jqjÈ G =ðmc 2 Þ and " È A ¼ jqjÈ A =ðmc 2 Þ. The electric field on the cathode for a single grid wire is E z ðx; 0Þ ¼ ÀÈ A =z A À 1 ðxÞðÈ G =z G À È A =z A Þ.
Using typical values for the parameters, we find that h z i $ 2 Â 10 À2 and the normalized emittance due to the grid is " n;grid $ 5-15 mm mrad.
A number of approximations were employed in obtaining the grid emittance. More accurate estimates for the grid emittance, which include self-field effects, are obtained using the PIC codes TURBOWAVE and PARMELA and are presented in Sec. III.
